TiO 2 is a widely used photocatalyst in science and technology and its interface with water is important in fields ranging from geochemistry to biomedicine. Yet, it is still unclear whether water adsorbs in molecular or dissociated form on TiO 2 even for the case of well-defined crystalline surfaces. To address this issue, we simulated the TiO 2 -water interface using molecular dynamics with an ab initio-based deep neural network potential. Our simulations show a dynamical equilibrium of molecular and dissociative adsorption of water on TiO 2 . Water dissociates through a solvent-assisted concerted proton transfer to form a pair of short-lived hydroxyl groups on the TiO 2 surface. Molecular adsorption of water is DF ¼ 8.0 AE 0.9 kJ mol À1 lower in free energy than the dissociative adsorption, giving rise to a 5.6 AE 0.5% equilibrium water dissociation fraction at room temperature. Due to the relevance of surface hydroxyl groups to the surface chemistry of TiO 2 , our model might be key to understanding phenomena ranging from surface functionalization to photocatalytic mechanisms.
Introduction
The photocatalytic activity of TiO 2 has attracted the attention of researchers for decades. Due to its natural abundance, chemical stability, and environmental compatibility, TiO 2 is one of the most widely used photocatalysts for scientic and technological applications to date. [1] [2] [3] Of particular relevance is the anatase phase of TiO 2 , which predominates at the nanoscale. Since TiO 2 photocatalysis usually takes place in humid or aqueous environment, the interface of anatase TiO 2 with water is of fundamental importance, e.g. for elucidating the not yet fully understood mechanisms of photochemical water splitting, [4] [5] [6] UV-induced hydrophilicity, [7] [8] [9] and for improving the performance of TiO 2 nanomaterials in biomedical applications. 10, 11 As a specic example, we focus here on the aqueous interface with the majority (101) surface of anatase. Our main goal is to solve an apparently simple but longstanding question: does water spontaneously dissociate on the defect-free anatase (101) surface? Hydroxyl groups are known to trap charges on TiO 2 surfaces, [12] [13] [14] hence the relevance of this particular question extends over the broad eld of TiO 2 photocatalysis in aqueous environments.
Water adsorption on anatase (101) takes place at the undercoordinated ve-fold Ti (Ti 5c ) and two-fold oxygen (O 2c ) surface sites ( Fig. 1a ). 15, 16 Water oxygen atoms can form dative bonds with Ti 5c atoms (Fig. 1b ), while surface O 2c 's can either accept hydrogen bonds ( Fig. 1b ) or protons from water (Fig. 1c ). Both Ti 5c and O 2c sites participate in water dissociation on the anatase (101) surface. As shown in Fig. 1c , water dissociation involves the transfer of a proton from a molecule adsorbed at a Ti 5c site to an O 2c . This results in the formation of two surface hydroxyl groups: a terminal hydroxyl on Ti 5c (OH t , Fig. 1c , le) and a bridging hydroxyl, corresponding to a protonated O 2c atom (OH br , Fig. 1c, right) .
The presence/absence of dissociated water plays a major role in the surface chemistry of anatase TiO 2 . Although both experiments and computer simulations agree on the nature of water adsorption on anatase (101) under vacuum conditions, the picture remains controversial at the interface of anatase (101) with liquid water. In vacuum, Temperature Programmed Desorption (TPD), 17 Scanning Tunneling Microscopy 16 (STM) and Density Functional Theory (DFT) 15, 18 all agree that water dissociation can only take place at defect sites on the anatase (101) surface. At the aqueous interface, however, only few experiments can selectively probe water right at the TiO 2 surface, and the experimental data currently available for the anatase (101)-water interface were either obtained using reduced anatase, 19 or could not unambiguously dene the adsorption state of water. 20, 21 Computational studies based on DFT have provided valuable insights into water adsorption on the surface of metals, 22,23 semiconductors [24] [25] [26] and insulators. 27, 28 When coupled with molecular dynamics (MD), DFT has also provided atomic-level interpretation of experimental surface sensitive vibrational spectrocopies. [29] [30] [31] DFT-based ab initio molecular dynamics (AIMD) employs forces derived from the quantum mechanical ground state of the electrons and could in principle be used to access the stability difference between molecular and dissociative adsorption of water on the anatase (101) surface. However, water dissociation on anatase TiO 2 is kinetically hindered and cannot be observed in the short-time dynamics currently accessible to AIMD. Neither the dissociation of water nor the recombination of hydroxyls were indeed observed in AIMD simulations of the anatase (101)-water interface of approximately 40 ps duration. 21 In this work we extend both the time and length scales sampled by AIMD using a deep neural network (DNN) to represent the potential energy surface (PES), gaining a substantial speed-up of MD simulations. Several authors have demonstrated the DNNs' ability to reproduce the complex PES of ab initio potentials, 32-34 thus allowing accurate long-time simulations of several condensed phase systems [35] [36] [37] including metal oxide-water interfaces. 38, 39 In the present study, the ab initio-based DNN potential reproduces energy and atomic forces obtained from DFT at a ve orders of magnitude lower computational cost. This allows us to carry out MD simulations at the nanosecond timescale on systems of thousands of atoms and to use enhanced sampling techniques to obtain converged free energy surfaces of proton transfer at the aqueous anatase (101) interface as a function of suitable reaction coordinates. All our simulations are carried out assuming no net electric charge on the surface, a condition that can be experimentally realized at the point of zero charge and at band potential of TiO 2 in contact with water. Altogether, the present results enable us to elucidate both the relative stability of molecular versus dissociated water and the mechanism of proton transport at the aqueous anatase (101) interface, which are two fundamental features for understanding the reactivity of this interface.
Methods

DNN training
Our DNN potential was constructed following the method recently proposed by Zhang et al. 34, 40 In this scheme, the potential energy E of each atomic conguration is a sum of "atomic energies" E ¼ X i E i , where E i is determined by the local environment of atom i within a smooth cutoff radius R c . E i is constructed in two steps. First, for each atom a set of symmetrypreserving descriptors is constructed. Next, this information is given as input for a DNN, which returns E i as the output. The additive form of E naturally preserves the extensive character of the potential energy. We refer the reader to ref. 34 and 40 for further details. With this method, the DNN potential has been shown to accurately reproduce interatomic forces and energies predicted by DFT. 41 We trained our DNN potential using an active learning approach. 41 In this scheme, training data is collected in an iterative scheme consisting of a computationally efficient exploration of the congurational space and evaluation of ab initio energies and atomic forces of a small set of selected atomic congurations. We performed such iterative procedure using three different systems: bulk anatase TiO 2 (108 atoms), bulk liquid water (192 atoms), and the anatase (101)-water interface (426 atoms), for which we included congurations with one or few interfacial water molecules either dissociated or near the transition state. The latter were generated with enhanced sampling techniques during the iterative renement of the DNN and their inclusion has been essential to predict dissociation barriers close to those of DFT.
In more detail, our model of the anatase-water interface consists of 82 water molecules in contact with an anatase (101) slab (ve TiO 2 layers exposing a (1 Â 3) surface supercell) within a periodically repeated unit cell of size 10.4Å Â 11.4Å Â 36.8Å along the three orthogonal directions [ 101], [010] and [101] of the anatase TiO 2 crystal lattice ( Fig. 1d ). Forces and energies were computed with the SCAN functional, 42 as implemented in the PWscf code of Quantum ESPRESSO. 43, 44 The SCAN functional has been shown to accurately predict both the structure of water 45 and TiO 2 . 21 We performed all DNN potential-based MD simulations using the Lammps code 46 interfaced with the DeePMD-kit. 47 Enhanced sampling techniques were provided by PLUMED. 48 The DeePMD-kit code 47 was used to train the DNN potential. Additional details on the DNN training method and DFT calculations can be found in the ESI. † MD performed with the DNN potential is called DPMD in the following.
DPMD simulations
DPMD simulations of the anatase (101)-water interface sampled the canonical ensemble (constant volume and temperature), while the isobaric-isothermal ensemble (constant pressure and temperature) was sampled for liquid water simulations. Liquid water simulations were performed with a periodically repeated cell containing 64 water molecules. For the anatase (101)-water system, comparison between DPMD and AIMD involved simulations of a 1 Â 3 anatase (101) surface supercell exposing 6Ti 5c and 6O 2c sites. This supercell was used also for umbrella sampling simulations used to evaluate the free energy barrier to transfer a proton from water to a surface O 2c atom. All other DPMD simulations of the anatase (101)water interface were carried out with a larger 4 Â 12 anatase (101) surface supercell exposing 96Ti 5c and 96O 2c sites. In all cases, the system was composed by a slab of 5TiO 2 layers in contact with a 20Å water slab at the experimental density; essentially identical interfacial water properties were obtained in a simulation using a water thickness of 40Å (see ESI †). Temperature and pressure were controlled by a Nosé-Hoover thermostat 49,50 at 330 K and Parrinello-Rahman barostat 51 under 1 bar, respectively. A temperature 30 K higher than room temperature was used to roughly mimic nuclear quantum effects on the oxygen distribution in water. 52 The classical equations of motion were numerically integrated using Verlet's method 53 with a time step of 0.5 fs for D 2 O (0.25 fs for H 2 O). Equilibrium properties were computed from simulations with D 2 O, since it allows a larger time step in the numerical integration of the equations of motion without affecting the equilibrium statistical properties of the investigated systems. All error bars were evaluated from simulations ran with independently trained DNN potentials.
Results and discussion
Validation
The ability of DPMD to reproduce the DFT-predicted structures of pure water, pure anatase TiO 2 , and anatase (101)-water interface is conrmed by the following results. (i) The anatase TiO 2 lattice constants given by DPMD agree well with the values predicted by SCAN 21 (DPMD: a ¼ 3.80Å, c ¼ 9.52Å; SCAN: a ¼ 3.77Å, c ¼ 9.52Å). (ii) The radial distribution functions and average water density prole obtained from 4 independent 40 ps DPMD simulations of the anatase (101)-water interface agree, within their standard deviation, with analogous quantities obtained from a 40 ps AIMD trajectory of this interface ( Fig. 2a and b, respectively). (iii) Our DNN potential reproduces the oxygen radial distribution function and density of bulk liquid water obtained from SCAN AIMD simulations, which are in good agreement with experiment 45 (see Fig. 2b, inset) . DPMD also yields a water diffusion coefficient that compares well with that given by AIMD (DPMD: 0.17 AE 0.01Å 2 ps À1 , AIMD: 45 0.19 AE 0.03 A 2 ps À1 ). (iv) The water density prole along the direction perpendicular to the TiO 2 surface derived from DPMD simulations of our large (4 Â 12) anatase (101) surface model (surface area of 18.5 nm 2 ) essentially coincides with that obtained from analogous simulations of the smaller (1 Â 3) anatase (101) model (surface area of 1.16 nm 2 ) used in our training data (Fig. 2c) .
Additional validation tests are reported in the ESI, † where we compare results from DPMD and AIMD for the vibrational densities of states of water and TiO 2 at the anatase-water interface and water dissociation at both the dry anatase surface and the aqueous interface. In particular, from Fig. S4 of the ESI, † one can see that the DFT result for the work to move a H + from a surface O 2c to a nearby OH t is reproduced very well by DPMD.
Equilibrium sampling of aqueous anatase (101) via DPMD
The equilibrium structure of the aqueous anatase (101) interface was determined by averaging the results of 4 independent DPMD trajectories of 25 ns duration each, from which error Fig. 1a , and O w represents water oxygen atoms. (b) Density profile of water confined between two TiO 2 surfaces as predicted by DPMD and AIMD. 21 In the inset of (b) we compare the oxygen radial distribution function in water, g(r), as obtained from AIMD 45 bars of computed quantities were also estimated. All simulations started from congurations with purely molecular water at the interface and a surface model exposing 96Ti 5c and 96O 2c sites was used, which allows a minimum non-zero hydroxyl surface coverage of 1.04%. The water density prole predicted by such DPMD simulations is perfectly symmetric with respect to its center (Fig. 2c) , consistent with the symmetry of the anatase (101) slab used for the simulations. Since the water density prole does not depend on the surface supercell size (Fig. 2c) , the lack of symmetry of the prole in Fig. 2b can be attributed to the short duration of that trajectory. In fact, AIMD simulations have shown a substantial slowdown of the rotational and translational dynamics of water close to the anatase (101) surface relative to bulk liquid water. 21 Hence, a longer simulation time is needed to obtain the equilibrium density distribution of interfacial water on the anatase (101) surface relative to bulk liquid water.
Analysis of the DPMD trajectories shows that the equilibrium adsorption conguration of water at the aqueous anatase (101) interface consists mostly of intact molecules at Ti 5c sites, but also includes an average 5.6 AE 0.5% of water dissociated into OH t and OH br hydroxyl groups (see Fig. 3a ; note that the average surface hydroxyl coverage is calculated excluding the rst 10 ns of this curve). Hydroxyls have a nite lifetime before they recombine to form molecular water adsorbed at Ti 5c sites. This can be important in photo-oxidation processes, e.g. photocatalytic water splitting, where photoexcited holes are transferred from TiO 2 to adsorbed hydroxyls to form OH radicals. [54] [55] [56] The hydroxyl lifetime can be estimated from its survival probability distribution P(t), which is the probability to continuously observe water dissociated during a time interval t. We computed P(t) for OH t and OD t separately (Fig. 3b) , and dened the average lifetime (s) as s ¼
PðtÞdt. We found the average lifetime of OD t (s ¼ 0.6 AE 0.2 ns) to be twice as long as the one of OH t (s ¼ 0.3 AE 0.1 ns). For comparison, the hydroxyl lifetimes observed in our simulation are shorter than the lifetimes of several ns for electron-hole recombination in anatase, 57, 58 and on the same timescale as the characteristic times of hole transfer to organic adsorbates on TiO 2 surfaces. 3 The mechanism of hydroxyl formation that emerges from our simulations involves a concerted proton transfer from molecular water to surface O 2c sites. As shown in Fig. 3c (path I / II / III or I / II / IV), the initial state is a stable hydrogenbond complex, in which the path from the water coordinated to a Ti 5c site to two adjacent O 2c sites is fully connected with hydrogen bonds. The proton transfer proceeds through a Grotthuss-like mechanism, 59 with a transient hydronium ion formed along the reaction path. The dissociation reaction produces a terminal (bonded to Ti 5c ) and a bridging hydroxyl (protonated O 2c ) connected through an intermediate water molecule that is H-bonded to both of them. The TiO 2 surface remains charge neutral along the proton transfer reaction, and no proton transfer to liquid water is observed.
A similar mechanism, involving an intermediate water molecule, is observed also for the proton transport along O 2c sites (path III / II / IV in Fig. 3c) . A proton at a bridging O 2c site can either recombine with a terminal hydroxyl to form molecular water or transfer to a neighboring non-protonated O 2c site. The latter proton transport process requires a fully connected hydrogen-bond path between initial and nal states similar to that of water dissociation/recombination, and has In both plots s denotes the average lifetime of terminal hydroxyl groups. (c) Mechanisms of proton transfer reaction at the anatase (101)-water interface. I: molecular adsorption; II: transition state; III and IV: equivalent configurations of the dissociated water. Water dissociation mechanism follows the path: I / II / III (or IV), while proton transport follows: III / II / IV or IV / II / III. also the same transition state. For this reason, the recombination of bridging and terminal hydroxyls to form molecular water competes with the proton transfer from one bridging hydroxyl to a non-protonated O 2c site.
Enhanced sampling
We estimated the free energy difference between molecular and dissociated water on aqueous TiO 2 from enhanced sampling techniques. Due to the complex nature of proton transfer reactions in water, [60] [61] [62] we devised a two-step procedure to reconstruct the free energy surface of water dissociation on titania. First, we estimated the free energy barrier to transfer a proton from water to a surface O 2c atom using umbrella sampling. 63 With this method, the free energy F(S o ) of the system was obtained as a function of the minimum distance S o between a particular surface O 2c (index o) and any hydrogen atom. A continuous version of the minimum distance was used,
and quadratic (or umbrella)
potentials were applied at different values of S o , allowing the sampling of congurational space regions that would be rarely visited from unbiased simulations. The free energy surfaces obtained from umbrella sampling are given in the ESI. †
The second step in our procedure involved a new set of enhanced sampling simulations with a bias potential V ¼ S o À F(S o ) applied to the O 2c sites in the system, in which F(S o ) is the free energy previously obtained from umbrella sampling. This set of bias potentials enhances the probability of proton transfer to every O 2c on the anatase (101) surface. A probability distribution of the two collective variables given in Fig. 4a was then constructed in the biased ensemble and re-weighted by the Boltzmann factor e bV , where b is the inverse temperature. The probability distribution was obtained from the average of 12 independent 3 ns long simulations (viz. 3 simulations with each of the four independent DNN potentials) and the average over all water adsorption sites in the system. The choice of the two collective variables in Fig. 4a was inspired by earlier computer simulations of proton diffusion in basic and acidic aqueous solutions. 64 From the computed free energy surface in Fig. 4b (le) , two main features emerge: (i) water adsorbed in molecular form is thermodynamically more stable than dissociatively adsorbed water on the anatase (101) surface by DF ¼ 8.0 AE 0.9 kJ mol À1 ; (ii) the free energy barrier for water dissociation, DF ‡ d ¼ 32 AE 4 kJ mol À1 , is around 13 times larger than the thermal energy at room temperature and would unlikely be crossed during the typical timescale (tens of ps) of AIMD simulations. Analysis of the computed trajectories in the presence of the bias potential conrms the mechanism of water dissociation observed in the unbiased simulations: water dissociation always involves a water molecule mediating the proton transfer between water adsorbed on a Ti 5c site and a neighboring O 2c atom (Fig. 3c ). The enhanced sampling simulations also captured the mechanism of proton transport at the aqueous anatase (101) interface observed in the unbiased simulations. As shown in Fig. 4b (right) , proton transport produces an approximately symmetric free energy surface with a free energy barrier of 25 AE 4 kJ mol À1 separating the two equivalent states. 
, describes the progress of the proton transfer reaction, with positive and negative values corresponding to the dissociated and the molecular states, respectively. (b) Free energy surface of water dissociation (left) and proton transport (right) at the anatase (101)-water interface. Roman numerals indicate the adsorption state of water at specific regions in the free energy plot, as shown in Fig. 3c . Molecular water is more stable than the dissociated state by 8.0 AE 0.9 kJ mol À1 , with a free energy barrier of 32 AE 4 kJ mol À1 separating these states.
To verify the consistency of the free energy surfaces in Fig. 4b with the results of our unbiased DPMD simulations (Fig. 3) , we can estimate the equilibrium fraction of dissociated water on the anatase (101)-water interface from the Boltzmann factor e ÀbDF , where b is the inverse temperature and DF is the free energy difference between molecular and dissociated water. Using the computed value DF ¼ 8.0 kJ mol À1 , we obtain a dissociation fraction of 5.0% at our simulation temperature of 330 K, in very good agreement with the DPMD simulations. This result is also conrmed by Monte Carlo sampling of a 2-D lattice gas model that includes the constraint present in the real system: adsorbed water can only dissociate if at least one neighboring O 2c site is non-protonated (see ESI †). Using the lattice gas model, we can further estimate the free energy of the anatase (101)-water interface as a function of the surface hydroxyl coverage, which allows us to rule out the existence of additional metastable states at other surface hydroxyl fractions.
Another relevant comparison is that between the hydroxyl lifetime determined from our equilibrium simulations and that estimated from the computed free energy barrier. Using transition-state theory, the recombination rate constant can be written as k ¼ n c e ÀDF ‡ r =kbT , where n c is the attempt frequency and DF ‡ r ¼ DF ‡ d À DF is the barrier for a terminal and bridging hydroxyl to recombine into a water molecule. Approximating n c with the H-bonded OD or OH stretching frequency of heavy (n c z 71 THz) and light (n c z 101 THz) water, and taking the recombination barrier DF ‡ r ¼ 25 kJ mol À1 , we obtain a lifetime s ¼ 1/k of the terminal hydroxyl group equal to 0.09 ns and 0.13 ns for OH and OD, respectively. Thus, this simplied approach predicts lifetimes on the same order of magnitude as the ones evaluated from our DPMD simulations, although with slightly underestimated values. However, the fact that the simulations give s OD $ 2s OH , rather than s OD $ 1.4s OH as in the simplied approach, indicates a process more complex than a simple exponential relaxation dynamics. This is apparent from the curves in Fig. 3b , that cannot be tted by a single exponential.
Conclusions
In summary, the ability of neural networks to reproduce the ab initio potential energy surface of the anatase (101)-water interface together with their scalability has allowed us to substantially extend the size and time scales of our rst principles simulations for this system. By combining the computationally efficient neural network potential with enhanced sampling techniques, we have also been able to reconstruct the free energy surface of water dissociation and proton transport at the anatase interface with liquid water. The present simulations support a picture of predominantly molecular adsorption on the defect-free anatase (101) in contact with liquid water at ambient conditions, with an entropically driven 5.6% fraction of water dissociation at the interface. They also provide detailed mechanisms of proton transfer at the interface, free energy barriers and lifetimes that are all features to be taken into account when investigating the reactivity of the TiO 2 -water interface, either chemical or photoinduced, which is key to many practical applications.
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